The development of Barrett's esophagus (BE) and its progression to esophageal adenocarcinoma (EAC) is highly linked to exposure to acidic bile salts due to chronic gastroesophageal reflux disease (GERD). In this study, we investigated the role of Apurinic/apyrimidinic endonuclease 1/redox effector factor-1 (APE1/REF-1) in STAT3 activation in response to acidic bile salts. Our results indicate that APE1 is constitutively overexpressed in EAC, whereas its expression is transiently induced in response to acidic bile salts in non-neoplastic BE. Using overexpression or shRNA knockdown of APE1, we found that APE1 is required for phosphorylation, nuclear localization, and transcriptional activation of STAT3. By using an APE1 redox-specific mutant (C65A) and APE1 redox inhibitor (E3330), we demonstrate that APE1 activates STAT3 in a redoxdependent manner. By using pharmacologic inhibitors and genetic knockdown systems, we found that EGFR is a required link between APE1 and STAT3. EGFR phosphorylation (Y1068) was directly associated with APE1 levels and redox function. Co-immunoprecipitation and proximity ligation assays indicated that APE1 coexists and interacts with the EGFR-STAT3 protein complex. Consistent with these findings, we demonstrated a significant induction in mRNA expression levels of STAT3 target genes (IL-6, IL-17A, BCL-xL, Survivin, and c-MYC) in BE and EAC cells, following acidic bile salts treatment. ChIP assays indicated that acidic bile salts treatment enhances binding of STAT3 to the promoter of its target genes, Survivin and BCL-xL. Inhibition of APE1/REF-1 redox activity using E3330 abrogated STAT3 DNA binding and transcriptional activity. The induction of APE1-STAT3 axis in acidic bile salts conditions provided a survival advantage and promoted cellular proliferation. In summary, our study provides multiple pieces of evidence supporting a critical role for APE1 induction in activating the EGFR-STAT3 signaling axis in response to acidic bile salts, the main risk factor for Barrett's carcinogenesis.
Introduction
The incidence of esophageal adenocarcinoma (EAC) continues to rise in the United States [1] . EAC is associated with a poor clinical outcome and an overall 5-year survival rate below 20% [2] . Barrett's esophagus (BE), the main risk factor for EAC, is a premalignant condition whereby columnar metaplasia replaces the stratified squamous epithelium of the distal esophagus [3] . Patients with BE exhibit a 30-to 60-fold increased risk for EAC [4] . BE develops as a consequence of chronic gastroesophageal reflux disease (GERD), where acid and bile salts abnormally reflux from the stomach into the lower esophagus [5] [6] [7] . Previous studies have shown that bile acids are implicated in the development of BE and EAC by activating oncogenic signaling pathways along with induction of sustained levels of oxidative stress and DNA damage [8] [9] [10] [11] [12] [13] .
Apurinic/apyrimidinic endonuclease-1 (APE1)/redox effector factor-1 (REF-1) is a multifunctional protein that plays an essential role in base excision repair (BER) pathway, essential for repair of oxidative DNA base damage as well as redox-dependent regulation of several transcription factors such as NF-kB, p53, AP-1, HIF-1, and EGR-1 [14, 15] . The N-terminal Cys65 residue in the APE1 protein plays a critical role in mediating its redox functions by acting as a reductive activator of transcription factors [16] [17] [18] . The redox inhibitor of APE1, E3330, has been shown to reduce STAT3 transcriptional activity [19, 20] . Dysregulation of APE1 expression level is associated with cancer development, angiogenesis, progression, and metastasis [21] [22] [23] [24] . Of note, high levels of APE1 have been linked to resistance to chemotherapy and poor clinical outcome [20, [25] [26] [27] .
EGFR is known to catalyze STAT3 tyrosine phosphorylation in response to EGF [28] , which is mediated by the intrinsic kinase activity of the receptor [29] . EGFR activation results in its dimerization to facilitate the phosphorylation of its tyrosine residue, Y1068, the binding site for STAT3 [30] . STAT3 phosphorylation, nuclear localization, and transcriptional activation mediate expression of a large number of target genes, leading to initiation of signaling cascades that promote proliferation, tumorigenesis, metastasis, and chemoresistance [31, 32] . Nuclear localization of EGFR has been recently described in aggressive tumors [33] .
In this study, we demonstrate that exposure of Barrett's esophagus cells to acidic bile salts, in conditions that closely mimic GERD, activates EGFR and STAT3 in a manner dependent on APE1 expression and redox activity. We also provide evidence that acidic bile salts induce APE1-EGFR-STAT3 complex formation with subsequent STAT3 binding to the promoters of pro-survival genes. These findings identify a novel role of APE1 in response to acidic bile salts, the main risk factor for BE and EAC.
Results

Acidic bile salts induce APE1-dependent activation of STAT3 in BE and EAC cells
We have previously shown APE1 is expressed at high levels in dysplastic BE and EAC tissue samples. This expression pattern was also observed in the dysplastic BE and EAC cell lines, as compared to non-dysplastic BE [34] (Supplementary Figure S1A ). We investigated whether exposure to acidic bile salts, that mimic the pathophysiological condition of GERD, can induce APE1 expression. We treated non-dysplastic BE (CPA, BAR-10T), highgrade dysplastic BE (CPB), and EAC (OE33, FLO-1) cell lines with acidic bile salts cocktails (100 μM, pH 4) for 30 min followed by recovery in regular media for 0, 1, 3 and 6 h post treatment. We found that APE1 was substantially induced in response to acidic bile salts in all cell lines ( Fig.  1a and Supplementary Figure S1B ). Of note, high levels of phospho-STAT3 (Y705) have been observed in dysplastic BE and EAC [35] . Therefore, we investigated the relationship between APE1 induction by acidic bile salts and STAT3 activation in BE models. We detected an increase in STAT3 phosphorylation (p-STAT3 Y705 ) that followed the same pattern as the induction of APE1, following exposure to acidic bile salts ( Fig. 1a ). Consistent with these findings, we found a significant increase in STAT3 transcription activity (p < 0.01), as measured by a luciferase reporter assay, following treatment with bile salts (Fig. 1b ). Taken together, these results demonstrate that acidic bile salts can significantly induce APE1 overexpression and activation of STAT3 (p-STAT3 Y705 ). At the same time, these findings raised a question regarding the requirement of APE1 for STAT3 activation.
To examine the involvement of APE1 in bile saltsinduced STAT3 activation, we developed stable knockdown of APE1 in CPB and OE33 cells (sh-APE1), and control cells (sh-Ctrl). The cells were treated with acidic bile salts (100 μM, pH 4) for 30 min followed by recovery in complete media for 1, 3, or 6 h post treatment. We observed that APE1 knockdown in CPB and OE33 cells decreased basal levels of STAT3 phosphorylation (p-STAT3 Y705 ) and completely abrogated the acidic bile saltsinduced increase in phosphorylated STAT3, as compared to the control cells (sh-Ctrl) ( Fig. 1c, d) . These results were confirmed in CPA cells where the levels of p-STAT3 Y705 were significantly diminished by using transient siRNAmediated knockdown of APE1 (Supplementary Figure  S2A) . Similarly, exposure to bile salts did not increase p-STAT3 Y705 levels in sh-APE1 cells, whereas elevated p-STAT3 Y705 levels were observed in sh-Ctrl cells (Supplementary Figure S2A ). We then determined the impact of APE1 knockdown on the STAT3 transcriptional activity, by using STAT3-Luc reporter assay in sh-Ctrl and sh-APE1 cells (CPB, OE33) with bile salts treatment. APE1 knockdown significantly diminished basal levels of STAT3 transcriptional activity (p < 0.05) and abrogated bile saltsinduced increase of STAT3 transcriptional activity, as compared to control (sh-Ctrl) cells (p < 0.01) ( Fig. 1c, d) .
To further confirm the role of APE1 in regulating STAT3 activity, we developed stable Tet-on-APE1 FLO1 cells. There were significant increases in APE1 expression levels, followed by increased p-STAT3 Y705 expression at 48 and 72 h of doxycycline treatment (Supplementary Figure S2B ). Withdrawal of doxycycline for 72 h (-Dox) resulted in restoration of APE1 and p-STAT3 Y705 expression levels back to their baseline (Supplementary Figure S2C) . The data collectively demonstrates that APE1 regulates basal STAT3 transcriptional activity and is required for acidic bile salt-induced STAT3 activation via phosphorylation.
APE1 facilitates acidic bile salts-induced STAT3 nuclear accumulation
We have previously shown nuclear and cytoplasmic overexpression of APE1 in Barrett's dysplasia and EAC tissue samples [34] . Because chronic reflux of acidic bile salts into the lower esophagus is the main risk factor for EAC, we evaluated the effects of acidic bile salts on the expression and localization of APE1 and STAT3. Transient treatment with acidic bile salts (pH 4.0), that mimics a reflux episode, resulted in a remarkable increase in APE1 and p-STAT3 (p-STAT3 Y705 ) levels ( Fig. 2a, b ). We observed an increase in both cytosolic and nuclear APE1 with nuclear accumulation of p-STAT3 (p-STAT3 Y705 ) ( Fig. 2a, b ). To investigate whether APE1 is required for the acidic bile salts-induced nuclear accumulation of p-STAT3 Y705 , we used stable APE1 knockdown cells (sh-APE1) and control cells (sh-Ctrl) for immunofluorescence staining. Acidic bile salt treatment induced intense nuclear accumulation of APE1 and p-STAT3 Y705 in the control cells (BS, sh-Ctrl), as compared to the untreated cells (UT, sh-Ctrl). Conversely, APE1 knockdown (sh-APE1) completely inhibited these changes ( Fig. 2c, d ). We observed similar effects in dysplastic Barrett's CPB (sh-Ctrl and sh-APE1) cells. Using 3D organotypic models and immunofluorescence staining, we confirmed that exposure to acidic bile salts increases nuclear Fig. 1 Acidic bile salts (pH 4) induce APE1-dependent activation of STAT3 in BE and EAC cells. a) BE (CPA, CPB) and EAC (OE33, FLO-1) cells were treated with acidic bile salts (100 µM, pH 4) for 30 min, followed by recovery in complete media. The samples were collected at 0, 1, 3, and 6 h after recovery and analyzed by western blotting for the indicated proteins. β-Actin was used as an internal control. b) The luciferase reporter assay for STAT3 transcriptional regulation was performed in BE (CPA, CPB) and EAC (OE33, FLO-1) cells transfected with STAT3-Luc-reporter plasmid followed by treatment with bile salts (100 µM) for 30 min. The samples were collected and measured for the reporter activity at 6 h post recovery. APE1 stable knockdown cells CPB-sh-APE1 (c) and OE33-sh-APE1 (d) cells, and their control cells (CPB-sh-Ctrl and OE33-sh-Ctrl) were treated with acidic (pH 4) bile salts (100 µM) for 30 min, followed by recovery in complete media. The samples were collected at 1, 3, and 6 h after recovery and analyzed by western blotting for the indicated proteins. β-Actin was used as an internal control. The luciferase reporter assay for STAT3 transcriptional regulation was performed in CPB-sh-APE1 (c), OE33-sh-APE1 (d) cells and their control cells by treatment with bile salts (100 µM) for 30 min. The samples were collected for the reporter activity at 6 h post recovery. The results are expressed as the mean ± SEM of three independent experiments. BS, Bile salts; UT, Untreated. *p < 0.05 and **p < 0.01 by using one-way ANOVA accumulation of APE1 and p-STAT3 Y705 ( Fig. 2e ), consistent with the 2D culture models ( Fig. 2c, d ). Taken together, these results indicate that APE1 is required for acidic bile salts-induced nuclear accumulation of p-STAT3 Y705 .
APE1 redox function is required for transcriptional activation of STAT3
Our next step was to investigate whether the redox function of APE1 is required for the induction of STAT3 activity and treated with acidic (pH 4) bile salts (100 µM) for 30 min, followed by recovery in complete media. The samples were collected at 0, 3, and 6 h post recovery. Alpha-tubulin represents a loading control for the cytoplasmic fraction, and p84 for the nuclear fraction. Immunofluorescent images of APE1 stable knockdown cells, OE33-sh-APE1 (c) and FLO-1-sh-APE1 (d), and their control cells (sh-Ctrl) treated with acidic (pH 4) bile salts (100 µM). Cells were stained for APE1 (red), pSTAT3 (green), and nuclei with DAPI (blue). e) Immunocytochemistry staining of 3D organotypic culture with APE1 (red) and p-STAT3 (green) using immunofluorescence. f) H&E images of organotypic culture corresponding to the fluorescent images. Results shown are representative of at least three independent experiments elucidate the signaling mechanism. Using a FLAG-tagged adenoviral expression system (Ad) containing the wild-type (WT) or redox-defective (C65A) mutant of APE1, we found that Ad-APE1 (WT) increased the p-STAT3 Y705 levels in CPB and OE33 cells, whereas the redox-defective mutant Ad-APE1 (C65A) failed to induce p-STAT3 Y705 (Fig. 3a, b ). We also found that overexpression of Ad-APE1 (WT) increased the STAT3 transcriptional activity, as compared to control (Ad-Ctrl) ( Fig. 3c, d ; **p < 0.01), where exposure to bile salts further increased the STAT3 activity (p < 0.001). In contrast, a similar response was not obtained upon overexpressing the redox-defective mutant Ad-APE1 (C65A) ( Fig. 3c, d ). To further validate the role of the redox function of APE1 on STAT3 transcriptional activity, we used a smallmolecule inhibitor E3330, which selectively inhibits APE1 redox activity without affecting its endonuclease function [36, 37] . Treatment of CPB and OE33 cells with bile salts significantly (p < 0.01) increased STAT3 transcriptional activity, as compared to control (No Treatment, NT) (Supplementary Figure S3A and B). On the other hand, pretreatment of cells with E3330 significantly (p < 0.001) inhibited bile salts-induced STAT3 activity ( Supplementary  Figures S3A and B) . These results altogether suggest that APE1 mediates activation of STAT3 via its redox regulatory function, following exposure to bile salts.
Next we examined the mRNA expression levels of several STAT3 target genes (BCL2, IL-6, IL17A, c-MYC, Survivin, and BCL-xL) in stable APE1 knockdown OE33 cells (sh-APE1) and control counterparts (sh-Ctrl), following exposure to acidic bile salts (100 μM, pH 4) for 30 min and subsequent recovery in complete media for 1 h. We detected a significant increase in mRNA expression for these genes after exposure to bile salts in the control cells. This elevation in mRNA levels was significantly decreased following APE1 knockdown (Fig. 3e , f and Supplementary Figure S4A -D). To confirm the enhanced binding of STAT3 to its target genes, we performed chromatin immunoprecipitation (ChIP) for two genes, Survivin and BCL-xl, as validation of our qPCR results. Indeed, we found that STAT3 was significantly recruited to the Survivin and BCL-xL promoters in APE1expressing cells, upon acidic bile salts exposure ( Fig. 3g , h; p < 0.01, p < 0.001). Altogether, these results indicated that acidic bile salts activate STAT3 and induce the expression of its downstream target genes, in an APE1dependent manner. 
Bile salts-induced EGFR activation is mediated by APE1
Earlier studies have shown that EGFR plays a role in activation of STAT3 [38, 39] . Although it has been reported that bile salts activate EGFR [40, 41] , the mechanisms underlying bile salts-induced EGFR activation in BE and EAC remain unclear. We found that exposure of CPA cells to acidic bile salts increased EGFR phosphorylation at Tyr 1068 (Fig. 4a ). Furthermore, we detected a positive correlation between the levels of APE1, p-STAT3 Y705 , and p-EGFR Y1068 (Fig. 4a ). Using Tet-on-APE1 CPA cells, the baseline expression levels of APE1, p-EGFR Y1068 , and p-STAT3 Y705 were low (Fig. 4b ). Following induction with doxycycline, there was a notable increase in expression of APE1 along with an increase in p-EGFR Y1068 and p-STAT3 Y705 . The strongest activation was observed at 48 and 72 h of doxycycline treatment. Upon withdrawal of doxycycline for 72 h, expression levels of APE1, p-EGFR Y1068 , and p-STAT3 Y705 returned to baseline ( Fig.  4b ), suggesting that APE1 levels play an important role in regulating both p-STAT3 and p-EGFR levels. Because of Fig. 4 Bile salts-induced EGFR activation is mediated by APE1. a) Immunoblot analysis of CPA cells treated with acidic (pH 4) bile salts (100 μM) for 30 min, followed by recovery in complete media. The samples were collected at 0, 1, 3, and 6 h post recovery. b) Doxycyclineinducible APE1-Tet-on CPA stable cells were treated with 200 ng/ml Doxycycline for 72 h and removal of doxycycline for next 72 h. The samples were collected at 0, 24, 48 and 72 h and analyzed by immunoblotting for the indicated proteins. c) APE1 knockdown cells CPB-sh-APE1 and its control cells CPB-sh-Ctrl were treated with acidic (pH 4) bile salts (100 μM) for 30 min, followed by recovery in complete media. The samples were collected at 1, 3 and 6 h post recovery and analyzed by immunoblotting for the indicated proteins. β-Actin was used as an internal control. d) Immunofluorescence images of CPB cells treated with acidic (pH 4) bile salts (100 µM). Cells were stained for APE1 (red), pSTAT3 (green) and nuclei with DAPI (blue). e) Immunocytochemistry staining of 3D organotypic culture with APE1 (red) and p-EGFR (green) using immunofluorescence. f) H&E images of organotypic culture corresponding to the fluorescent images. Results shown are representative of at least three independent experiments the observed induction of APE1 upon exposure to acidic bile salts ( Fig. 1a) , we aimed to further confirm its role by knocking down APE1 prior to exposure to acidic bile salts. APE1 knockdown (sh-APE1) abolished the activation of EGFR (Tyr 1068 ) by acidic bile salts in CPB cells, as compared to control cells (sh-Ctrl) (Fig. 4c) . Similarly, subsequent activation of STAT3 was blocked by APE1 knockdown (Fig. 4c ). Protein levels of BCL-xL, a STAT3 downstream target gene, correlated with protein levels of APE1 (Fig. 4c ). Immunofluorescence analysis demonstrated an increase in nuclear APE1 and p-STAT3 Y705 following exposure to acidic bile salts (Fig. 4d ). Previous studies reported nuclear localization of EGFR expression in aggressive tumor phenotypes [42] . We, therefore, investigated whether nuclear APE1 was closely linked to nuclear EGFR and whether this complex enhanced STAT3 transcriptional activation. Using 3D organotypic cultures of CPB cells, we detected co-localization of nuclear APE1 and EGFR Y1068 , but only after exposure to acidic bile salts (Fig.  4e ). Taken together, our results suggest that exposure to acidic bile salts promotes activation and nuclear localization of p-STAT3 and p-EGFR in an APE1-dependent manner.
APE1 mediates bile salts-induced STAT3 activation via an EGFR-dependent mechanism
We investigated whether EGFR mediates APE1-dependent activation of STAT3. Towards this end, we used gefitinib (25 µM) to inhibit EGFR in CPB, FLO-1 and OE33 cells, followed by exposure to acidic bile salts. Exposure to acidic bile salts induced APE1 expression, as expected, but failed to induce p-STAT3 Y705 in cells treated with gefitinib ( Fig.  5a-c) . To further validate the involvement of EGFR in APE1-mediated bile salts-induced STAT3 activation, we depleted EGFR by using small interfering RNA (siRNA) in OE33 cells. The results supported the gefitinib data by showing a lack of p-STAT3 Y705 induction following exposure to acidic bile salts (Fig. 5d ), further supporting the role of the APE1-EGFR axis in mediating bile salts-induced phosphorylation and activation of STAT3. 
APE1 coexists in complex with EGFR and STAT3
Our results have shown nuclear accumulation of APE1, p-EGFR Y1068 , and p-STAT3 Y705 in response to bile salts exposure (Figs. 2c-e and 4d, e). Reciprocal coimmunoprecipitation (co-IP) experiments followed by immunoblotting in bile salts-treated OE33 cells revealed co-precipitation of APE1, p-EGFR, and p-STAT3 ( Fig.  5e-g) . We observed a stronger interaction between APE1, p-EGFR, and p-STAT3 in OE33 cells when treated with acidic bile salts, as compared to untreated control cells ( Fig. 5e-g) . To validate the interaction between APE1, p-EGFR, and p-STAT3, we used the Duolink in situ proximity ligation assay (PLA). Following treatment of OE33 cells with acidic bile salts, we detected a strong fluorescence signal (red dots) indicative of close proximity and interaction of APE1-p-EGFR ( Fig. 6a, upper panel) , APE1-p-STAT3 ( Fig. 6b, lower panel bottom) , and pSTAT3-pEGFR ( Fig. 6c, upper panel) , as compared to untreated control cells (Fig. 6a-c) . These results affirm the close intracellular proximity of APE1 with p-EGFR and p-STAT3.
APE1 promotes cell viability and proliferation and suppresses apoptosis of BE and EAC cells
STAT3 plays a critical role in regulating cell survival in response to stress stimuli and harsh environmental conditions. Acidic bile salts produce significant cellular stress conditions that are lethal to cells in the absence of prosurvival mechanisms. By using the CellTiter-Glo luminescence-based viability assay, we found that the APE1 knockdown significantly decreased cell viability, a finding that is further exacerbated in response to acidic bile salts ( Fig. 7a-c ; p < 0.01, p < 0.001). Using the TUNEL assay for cell apoptosis, we confirmed that APE1 knockdown increased the number of apoptotic cells in response to bile salts (Fig. 7d ). Using the Click-IT plus EdU for analyzing DNA replication in proliferating cells, we detected a significant reduction in the proliferative capacity, following knockdown of APE1 (Fig. 7e ). Taken together, these results indicate that APE1 plays an essential role in promoting cell survival and proliferation in response to acidic bile saltsinduced cellular stress.
Discussion
Chronic gastroesophageal reflux disease, where acidic bile salts abnormally refluxate from the stomach to the lower esophagus, is the main risk factor for the development of BE and its progression to EAC [5] [6] [7] . In this study, we demonstrate that repeated exposure to acidic bile salts, a major risk factor for BE and EAC, activates a novel molecular signaling axis comprising APE1-EGFR-STAT3 in esophageal cells. We show that APE1 redox activity is essential for activation of the EGFR-STAT3 axis and demonstrate, for the first time, that APE1 forms a complex with EGFR and STAT3, upon exposure to acidic bile salts.
We have used a cocktail of acidic bile salts that mimics the mixture to which the distal esophagus is exposed to during GERD [8, 43, 44] . The acidic bile salts cocktail used in our study had a concentration in the physiologic range (100 µM) and for a short time span (15-30 min) to mimic reflux episodes. Although total bile acid concentrations in the refluxate of BE patients are in the range Fig. 6 APE1 co-localizes with EGFR and STAT3. a, b) In situ proximity ligation assay (PLA) demonstrates the interaction of p-EGFR and p-STAT3 with APE1. c) In situ proximity ligation assay (PLA) demonstrates the interaction of p-EGFR and p-STAT3. Protein interactions (red fluorescent signals) were revealed by PLA anti-rabbit plus probe and PLA anti-mouse minus probe in OE33 cells treated with acidic (pH 4) bile salts (100 μM), as described in Materials and methods. Nuclei were stained with DAPI (blue). Results shown are representative of at least three independent experiments 0.03-0.82 mmol/L [8] , higher levels have been reported in the refluxate of some BE patients [45] . A number of earlier studies have shown that exposure of BE and EAC cells to acidic bile salts generates reactive oxygen species (ROS) [46] [47] [48] . ROS levels are high in tissues with BE and EAC in both human [46] and animal models [49] . High levels of ROS and oxidative stress in response to exposure to acidic bile salts induce DNA damage in esophageal cells [46, [50] [51] [52] . Although, APE1 is involved in the regulation and repair of acidic bile salts-induced DNA damage in BE and EAC cells [34] , the role of APE1 in regulating signaling pathways in response to acidic bile salts has remained largely unknown. In this study, we report that exposure of BE and EAC cells to acidic bile salts increases APE1 protein expression level with a concomitant increase in STAT3 activation. The fact that earlier studies have shown activation of STAT3 in BE tissue [35] raised a question as to whether there is a causal relationship between APE1 expression and STAT3 activation in response to acidic bile salts.
We present several pieces of evidence showing that APE1 promotes STAT3 phosphorylation, nuclear localization, activation, and transcriptional target binding in response to acidic bile salts. Knockdown of APE1 abrogated activation of STAT3 and reduced expression of several pro-survival STAT3 transcription targets. APE1 is a reducing donor and its cysteine 65 (Cys65)-redox activity is essential to maintain reduced status on specific cysteine residues of several transcription factors [16, 17] . STAT3 DNA binding and transcriptional activity is decreased by oxidation of critical cysteine residues in STAT3 protein through peroxide treatment [19, 53] . Exposure to acidic bile salts induces high levels of ROS and creates a harsh oxidative environment [13, 46, 47, 54] . We have verified that APE1 redox activity is required for activation of STAT3. Overexpression of a redox-deficient APE1 (C65A) failed to promote STAT3 transactivation. Similarly, blockade of the redox function of APE1 by using E3330 inhibitor, dramatically inhibited the bile salts-induced phosphorylation and transcriptional activity of STAT3. Collectively, our findings indicate that the APE-1-STAT3 axis cooperates to inhibit acidic bile salts oxidative stress-induced apoptotic stresses.
Our study clearly indicated that APE1 is critical for mediating acidic bile salts-induced STAT3 activation in BE and EAC cells. STAT3 is a DNA-binding transcription factor known to mediate normal cellular processes upon activation by growth factors, ligands and cytoplasmic cytokines [55, 56] . EGFR can directly tyrosine phosphorylate STAT3 [57, 58] . Activation of STAT3 may also require recruitment of SRC kinase to EGFR [59, 60] . Our findings demonstrate a close association between the levels of APE1, p-STAT3, and p-EGFR, suggesting that EGFR is the signaling link between APE1 and STAT3 activation. Indeed, genetic knockdown and pharmacologic inhibition of EGFR abolished APE1-induced activation of STAT3 in response to acidic bile salts, indicating that EGFR mediates APE1-induced phosphorylation and activation of STAT3. This is likely an important step in carcinogenesis as EGFR is capable of maintaining persistent tumorigenic STAT3 activation, compared with IL-6-mediated STAT3 activation, which is rapid and transient [61] . EGFR cross-talk with STAT3 is not only through tyrosine-kinase mediated activation [58, 62, 63] , but also through nuclear cooperation through transcriptional cofactors [64] [65] [66] . We have shown that APE1, STAT3, and EGFR are co-localized in the nucleus, following exposure to acidic bile salts. Based on coimmunoprecipitation and proximity ligation assay results, these proteins are in close proximity and co-exist in the same protein complex. Based on our findings, it is likely APE1 controls two fundamental functions of EGFR, cytoplasmic signal transduction and nuclear accumulation.
We find that acidic bile salts induce upregulation of several STAT3 target genes in an APE1-dependent manner. These genes included BCL2, IL-6, IL-17A, c-MYC, Survivin, and BCL-xL. They encode pro-inflammatory, prosurvival, and anti-apoptotic functions that can promote carcinogenesis in several organs [67] [68] [69] [70] , and therefore may participate in initiating BE or promoting its progression to EAC [71, 72] . We confirmed the role of APE1 in promoting STAT3 binding to Survivin and BCL-xL promoters in response to acidic bile salts. Of note, previous studies showed high levels of BCL-xL in BE [73, 74] . In this context, our results demonstrate a novel molecular mechanism explaining the role of APE1-EGFR-STAT3 axis in promoting pro-survival cellular mechanisms in response to reflux conditions in Barrett's tumorigenesis and EAC.
In summary, our data suggest that episodic exposure to acidic bile salts mediates EGFR-STAT3 activation, cell survival and proliferation through redox-dependent activity of APE1. Activation of APE1-EGFR-STAT3 is a novel signaling axis that is tightly linked to the etiology of refluxinduced Barrett's and EAC.
Materials and methods
A summary of main methods is described below. Additional methods are provided in supplementary methods.
Antibodies and reagents
Antibodies against p-STAT3 (Y705), STAT3, p-EGFR (Y1068), EGFR, BCL-xL, Survivin, α-Tubulin were purchased from Cell Signaling Technology (Danvers, Massachusetts, USA). Anti-Stat3 (phospho Y705) antibody for immunohistochemistry (IHC) was purchased from Abcam (Cambridge, MA, USA). APE1 antibody was obtained from ThermoFisher Scientific (Waltham, MA, USA), c-MYC from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), Actin from Sigma-Aldrich (St. Louis, Missouri, USA) and p84 from Genetex (Irvine, CA, USA). The EGFR tyrosinekinase inhibitor, gefitinib, was purchased from LC laboratories (Woburn, MA). Transfection reagents (Polyjet and Lipojet) were purchased from SignaGen Laboratories (Rockville, MD). Control siRNA, EGFR siRNA, and APE1 siRNA were obtained from Santa Cruz Biotechnology, Inc.
Acidic bile salts treatment
BE and EAC cells were treated with an acidic bile salts cocktail consisting of an equimolar mixture of sodium salts of glycocholic acid, taurocholic acid, glycodeoxycholic acid, glycochenodeoxycholic acid, and deoxycholic acid. In all experiments, we used a final concentration of 100 µM of the bile salts cocktail (20 μM of each of the above bile salts) in either pH 4 or pH 7 medium. The acidic bile salts cocktail was prepared to mimic the mixture of bile acids in distal esophagus during gastroesophageal reflux disease, as reported earlier [11, 43] .
APE1 expression and expression vectors
The FLAG-tagged coding sequence of APE1 was cloned into pcDNA3.1 mammalian expression plasmid (Invitrogen, Carlsbad, CA USA). The APE1 coding sequence from pcDNA3.1/APE1 plasmid was sub-cloned using Xba I and BamH I restriction sites in the adenoviral shuttle vector pACCMV. The recombinant adenovirus expressing APE1 was generated by co-transfecting HEK-293 cells with the shuttle and backbone adenoviral pJM17 plasmids using a Calcium Phosphate Transfection kit (Applied Biological Materials Inc., Richmond, BC) [34] . Lentivirus particles expressing APE1 shRNA or control shRNA were produced by VectorBuilder Inc. (Santa Clara, CA, USA) and then used to transduce OE33 and CPB cells. Control siRNA (sc-29470) and APE1 siRNA (sc-29470) were obtained from Santa Cruz Biotechnology.
3D organotypic culture 3D organotypic cultures of CPB cells were performed as previously described [75] . Briefly, human esophageal fibroblasts (ScienCell, Carlsbad, CA, USA) were seeded into a 3D matrix (75,000 cells/well) containing collagen I (High concentration rat-tail collagen, Corning) and Matrigel (BD Biosciences, Franklin Lakes, NJ USA) and incubated for 7 days at 37°C. Following incubation, CPB cells were seeded (500,000 cells/well) on top of the fibroblast matrix. Cultures were then allowed to grow for additional 7 days and treated with an acidic bile salts cocktail (100 µM, pH 4) for 30 min followed by recovery in complete media for the next 3 h. Cells were harvested, fixed in 70% ethanol and processed for paraffin embedding, H&E staining and slide sectioning for immunocytochemistry.
Immunocytochemistry of 3D organotypic cell culture
Paraffin-embedded 3D culture slides were deparaffinized and rehydrated following standard protocols. Antigen retrieval was performed by boiling the slides in 1 M Tris EDTA, pH 8.0 for 10 min. Slides were allowed to cool down to room temperature before incubation in 5% BSA in PBS for 1 h. Primary antibodies such as anti-APE1 (ThermoFisher Scientific, mouse monoclonal, #13B 8E5C2), anti-p-STAT3 (Y705) (Abcam, rabbit monoclonal, #ab76315) and anti-p-EGFR (Y1068) (Cell Signaling Technology, rabbit polyclonal, #2234) at a dilution of 1:200 were added to the slides and incubated overnight at 4°C in a humidified chamber. The next day following incubation, the slides were washed with PBS and incubated with AlexaFluor-conjugated anti-mouse or anti-rabbit secondary antibody (Fluor-488 or Fluor-586) for 1 h at room temperature, protected from light. The slides were washed again with PBS and mounted with a Vectashield mounting medium with DAPI (Vector Laboratories). Images were captured with the Zeiss Confocal Microscope (Carl Zeiss LSM 880).
Cell fractionation
The cells were treated with acidic bile salts cocktail (100 µM, pH 4) for 30 min and then cultured in fresh complete media for 3 and 6 h. Cell fractionation was performed according to the supplier's protocol (NE-PER Nuclear and Cytoplasmic extraction kit, ThermoFisher Scientific). Briefly, the cells were trypsinized and then centrifuged at 500 × g for 5 min. The supernatant was discarded and the cell pellet was suspended in an ice-cold CER I buffer followed by a CER II buffer. The tube was vortexed and centrifuged at 16,000 × g for 5 min. The cytoplasmic fraction was transferred to a new pre-chilled tube. The crude nuclear fraction pellet was suspended in ice-cold NER buffer and centrifuged at 16,000 × g for 10 min. The supernatant (nuclear extract) was transferred to a new prechilled tube. The cytoplasmic and nuclear fractions were mixed with the 4× Laemmli sample buffer and electrophoresed using SDS-PAGE.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed using EZ-Magna ChIP A/G Kit from Merck Millipore (Billerica, Massachusetts, USA) following the manufacturer's instructions. Briefly, the cells were seeded at 3 × 10 6 cells per 100-mm dish 24 h prior to treatment. Cells were treated with acidic bile salts (100 µM, pH 4) for 1 h. After treatment, the cells were fixed with formaldehyde (1% final concentration, Sigma-Aldrich) and then washed with cold PBS. The cells were collected in a cell lysis buffer, centrifuged and the pellet suspended in a nuclear lysis buffer. The resulting chromatin was sheared on ice for 10 cycles of 30 s ON/30 s OFF with the Bioruptor Pico (Diagenode, Denville, NJ, USA) to yield an average length between 200 and 1000 bp. The sheared cross-linked chromatin was diluted in the dilution buffer and incubated with the immunoprecipitating antibody (STAT3) and Pure-Proteome Protein G magnetic beads (Millipore) overnight at 4°C with rotation. The protein/DNA complex was eluted and reverse cross-linked with the ChIP elution buffer by incubating at 62°C for 2 h. The magnetic beads were separated using a magnetic separation device and the supernatant purified using the spin columns. The final eluate is purified DNA which was analyzed by quantitative realtime PCR for STAT3 binding to the promoter sequences of Survivin and BCL-xL target genes. The primer sequences were Survivin-ChIP-F:5′-CAGTGAGCTGAGATCATGCC -3′; Survivin-ChIP-R:5′-TATTAGCCCTCCAGCCCCAC-3′ and BCL-xL-ChIP-F:5′-AGGGTAAATGGCATGCATATT AA-3′; BCL-xL-R:5′-TTATAATAGGGATGGGCTCAACCA-3′. The control primer mix for GAPDH was included in the kit. The qPCR data was calculated as fold enrichment.
Proximity ligation assay
In situ protein-protein interactions were detected using the Duolink in Situ proximity ligation assay (PLA) detection kit (Sigma-Aldrich) following the manufacturer's instructions.
Cells were cultured in 8-well chamber slides at a low density and treated with acidic bile salts (100 µM, pH 4) for 1 h. After treatment, the cells were washed in PBS and fixed with 4% paraformaldehyde buffer for 45 min at RT. Cells were then permeabilized in 0.5% Triton X-100 in PBS for 5 min at RT, blocked for 45 min at RT with gentle shaking and incubated overnight at 4°C with the two primary antibodies raised against the two proteins of interest, each from a different host species. The following primary antibodies (APE1, Mouse monoclonal, ThermoFisher Scientific; pSTAT3 Y705 , Rabbit Monoclonal, Abcam; pEGFR Y1068 , Mouse Monoclonal, Cell Signaling) were used. Hybridizations, ligations, washings, and detection steps followed the supplier's protocol. After final washes in buffer B, cells were mounted using the Duolink in situ mounting medium with DAPI, sealed with nail polish, and allowed to dry for 15 min at RT before imaging using a Zeiss Confocal Fluorescence Microscope (Zeiss LSM 880).
Statistical analysis
Biochemical experiments were repeated three times in at least two independent cell lines and conditions. Quantified results were expressed as mean ± SEM. Differences were analyzed by one-way ANOVA followed by the Bonferroni post hoc test. All the statistical analyses were performed using GraphPad Prism, version 5.0 (GraphPad Software). p < 0.05 was considered statistically significant.
